C raniopagus represents one of the rarest and most complex anomalies in pediatric neurosurgery. Survival depends on the type and extent of joining and the presence or absence of associated anomalies. The greatest risks to conjoined twins are related to anesthesia and surgical intervention. 2, 17 One of the most important and terrifying issues for the parents, the medical team, and especially for twins who undergo separation surgery at an older age is the death of one of the twins, which can predispose the other one to death from disseminated coagulopathy, electrolyte disturbance, and systemic infection.
Here, we report a case of craniopagus in which separation was performed on an emergency basis due to the sudden death of one twin. The advantages and disadvantages of this kind of surgery are described. To the best of our knowledge no case of separation of craniopagus twins this young or small has been previously reported.
Case Report
These twins were born through cesarean section to nonconsanguineous parents in a local hospital in a city far from our center. Prenatal ultrasound examination confirmed a twin pregnancy without any report of craniopagus. The twins were the product of the fifth gestation of a healthy 32-year-old mother and were born prematurely at a gestational age of 28 weeks due to premature membrane rupture. They were boys with a weight of around 700 g each.
The newborn twins were admitted to the neonatal intensive care unit (NICU) to gain weight and develop independent oral feeding ability. At the postnatal age of 28 days the right-side neonate developed sudden cyanosis and was resuscitated once but developed repeated apnea followed by cardiac arrest. Cardiopulmonary resuscitation was unsuccessful, and the child died 8 hours after the onset of cyanosis.
The twins were referred to Children's Medical Center in Tehran and admitted to the NICU. During transfer the left twin was intubated but breathing on his own (without mechanical ventilation) and had stable hemodynamic status.
The 2 neonates were attached to each other as a partial craniopagus angular frontal type. 15 The right twin had a cleft lip and palate, was in a lateral to slightly prone position, and was attached to the left twin at the frontal area. He had been dead for 12 hours at the time of presentation at our hospital. The left twin was attached to the right one in supine condition only slightly rotated to the right from his lateral frontal region and had no other abnormalities (Fig. 1 , the living twin is marked as the left twin).
On admission to our center, the dead twin was cyanotic in all parts of his body except for the scalp around the attached area. The left twin weighted 1250 g and had spontaneous respiration with active movement of all 4 limbs in response to stimulation. The results of his laboratory studies were in the normal range with the exception of his hemoglobin level, which was 9 mg/dl. Blood transfusion had been initiated during transfer to our center. The twins had undergone brain MRI at the age of 1 week. This study showed good brain configuration for the left twin but mild ventriculomegaly associated with deformed abnormal brain in the right twin. It seemed to us that the 2 infants had independent major dural sinus systems. The 2 brains were attached to each other in the frontoparietal regions, being intermingled together without an obvious demarcation in some areas (Fig. 2) .
Cerebral angiography was not performed because of the very low weight of the living twin. Moreover, the surgical team decided not to go through the vascular system of the living twin but instead used some brain tissue of the dead child to protect the brain and vascular system of the living child from any damage during separation.
Due to the risk of coagulopathy and other metabolic and medical problems related to attachment to a dead body, surgical separation was considered as an emergency surgery, and the twins were transferred to the operating room after a brain CT scan was performed (with and without contrast). The CT scan confirmed common venous and arterial branches at the place of attachment. The right twin's brain obviously had a blood supply from the left side, probably from anastomosis between branches of his left middle cerebral artery (MCA) and the living twin's right MCA branches. After injection of contrast medium into the left twin, the right (dead) twin's venous drainage became obviously bright with blood flow that could be followed to the his left jugular vein (Fig. 3) .
Meticulous preparation was necessary to decrease the risk of infection. The twins were prepared and draped in such a way as to allow access to the deep and inferior (basal) part of the conjoined segment. The separation procedure was performed in anatomical layers. The skin was incised on the dead side on the scalp about 3 cm from the conjoined line on the pink skin to save more skin for closure. Initially the skin was dissected thoroughly in such a way that the twins became separated in the skin plane. Then a craniotomy was performed under the same skin incision, and frontal and parietal bone flaps of the right twin were removed to reach to the border of the 2 skulls (see 3D CT, Fig. 3 left) . The most difficult part of separation of the skull was at the base where the bone was very thick and the bleeding was more than what was considered an acceptable amount for a baby weighing 1250 g, although it was rapidly controlled with bone wax (Fig. 4) .
The dura mater was opened under the same skin incision. The most difficult part of separation of the dura was again at the base, where it contained several venous structures passing between 2 crania and causing severe bleeding, which was controlled with Surgicel (Ethicon) and coagulation. After full hemostasis was achieved in the bone and dura, brain separation was started with microscissors and suction cauterization. The joined brains were very intermingled according to MRI, so to save the right side of the brain of the living twin, the separation was performed just near the border of both pial surfaces at the expense of the necrotic brain of the right (deceased) twin.
With this approach any damage to the left twin's brain was avoided. The right brain was necrotic in most parts and was evacuated near to the pial border (Fig. 4) . In full hemostasis, the dura was closed with dural graft harvested from the pericranium and dura of the dead twin.
A bone flap was not placed over this new dural closure in order to decrease the risk of any pressure on the overlying skin. The skin was closed without any tension. The neonate received a transfusion of 25 ml of isogroup packed red blood cells during the operation. The surgery was performed as rapidly as possible, taking only around 3.5 hours, to decrease the potential risks of massive transfusion and blood loss caused by blood oozing from the exposed skin, skull, dura, and brain.
The deceased twin had a large skin defect at the attachment site that was closed by suturing a piece of glove. Then the infant was dressed by the operating room staff and given to the parents, according to official rules, to be buried and to allow them the opportunity to grieve.
The patient's early postoperative course was uneventful, and he was extubated on the 5th postoperative day. He had satisfactory weight gain, learned to breastfeed, and was discharged from the hospital 1 month after the separation operation with a weight of 2300 g.
During the next 3-4 weeks, he gradually developed a soft tissue collection resembling a large meningocele under the skin flap ( Fig. 5 A and B) . A CT scan was performed and revealed a cystic change of the right-side twin's residual brain plus ex vacuo ventriculomegaly of the patient's own right lateral ventricle, which extended to the bulging segment. The postoperative CT scan confirmed that the 2 brains were separated from each other with intact pial surfaces in some areas and were fused together without an obvious pial border in other places (Fig. 5 C) . Initially, the collection was treated with repeated percutaneous puncture and CSF removal, but it continued to increase in size, and at 4 months of age, the infant underwent a second operation to decrease the height of his head caused by the bulging pseudomeningocele. A cystoperitoneal shunt was placed, and the infant was discharged in good condition after 3 days. As of this writing, 12 months after separation, the surviving twin is in good general physical and mental condition but has some cranial deformity at the site of the previous pseudomeningocele, with bone defect and a feature of secondary craniosynostosis that will require cranial reconstruction when he is older and his weight has increased.
Discussion
Conjoined twins are rare, present in 10-20 per million births, and craniopagus is the rarest type, with an incidence rate of 0.6 per million live births. Conjoined twins are identical twins and are more often female than male. 2, 3 Most craniopagus twins do not survive the perinatal period and are either stillborn or die soon after birth as a result of associated anomalies. 2, 4, 8 The current literature does not support any association between the occurrence of craniopagus and maternal age, parity, race, or genetic or environmental factors.
2,15
Conjoining occurs subsequent to imperfect fission of a single embryo. Craniopagus is defined by joining of the 2 skulls at different positions. Typically, the 2 twins are similar in shape and size, but very occasionally one can regress or grow less during intrauterine development, and the remnant of the resorbed twin may remain attached to the main twin as a parasitic twin. 
Classification
Craniopagus is categorized as partial or total, according to the extent of attachment between the twins and the location of major dural sinuses relative to the conjoined part. The common feature for all phenotypic subgroups of total craniopagus is a shared venous system, and in very complicated cases this may prevent separation. 2, 17 Craniopagus has been subclassified as frontal, parietal, temporoparietal, and occipital. 3 In addition to this subclassification, further subcategorization has been suggested according to the degree of rotation of one head relative to the other. 2 Our case was classified as partial angular frontal craniopagus.
Divergent craniopagus types associated with the original abnormalities of the nervous system at the conjoined part and the abnormal vascular anatomy, especially dural sinus anatomy, determine the different risks associated with their surgical intervention.
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Approach
The rational and commonly accepted approach to these patients is to give time to the neonates to be supported by the neonatology team and to postpone surgical intervention until appropriate investigations for other associated anomalies, extensive imaging studies, and models can be completed. During this several-month period, the twins will grow and gain weight, allowing them to better tolerate complex surgery with major anesthetic challenges. 3, [15] [16] [17] This time period also allows for the development of a multidisciplinary management team, which is important for an optimal outcome.
FIG. 4. Sequential illustrations of the operative procedure. A:
The initial skin incision (arrow), which was performed on the pink scalp of the dead twin. This allowed skin from this area to be used for closure after separation. B: The underlying skull after dissection of the skin flap. There was a suture-like space between the 2 skulls at the shared area. When the neonates are medically stable, simple imaging studies, including brain MRI and CT, can be performed to define the brain anatomy and the vascular system, especially the venous anatomy.
Surgical separation during the first months after birth is associated with more morbidity and greater risk of death due to the twins' very young age and low weight, and the risks are also much greater if the operation is performed on an emergency basis. In almost all of the reported cases of craniopagus in which surgical separation was undertaken during the neonatal period, the twins died. 3, 4 Operating on a premature infant presents additional risk.
In our case, the gestational age of 32 weeks and weight of 1250 g-as well as the lack of an extensive preoperative investigation defining the brain and venous vasculaturewere the most daunting issues with respect to surgical intervention.
Imaging
In addition to the preliminary imaging performed in the first weeks of life, more extensive investigation is needed before surgical separation. A high-resolution CT scan of the head with fine cuts is performed, and 3D reconstruction of the CT data is necessary to evaluate the extent of bone fusion. High-resolution CT angiography provides good information related to vascularity in the conjoined area. 2, 3 Brain MRI affords detailed information concerning brain anatomy and development, including the shared cortex, the venous sinuses, ventricular system, dural anatomical details, and any associated anomalies. In addition to detailed anatomical information, MRI with arterial and venous MR angiography can increase our knowledge of the vascular system of the brain, especially in shared areas. Functional MRI is a noninvasive tool used in older children or adult twins to define hemispheric language dominance and to guide surgical planning. Selective digital subtraction angiography under good anesthesia can clarify the vascular anatomy accurately and complete the preoperative information and planning. 2, [5] [6] [7] 12 Preparing an acrylic 3D model from CT and MRI data helps the surgical team to have better spatial visualization of all components within the conjoined area for surgical planning. A navigation system that incorporates all CT, MRI, and angiographic data can also increase the power of surgical planning. 15 In our case, due to the emergency setting of the live twin's attachment to a dead body, we could only perform brain CT and CT angiography with 3D reconstruction to guide surgical planning. The twins' previous brain MRI was not high quality but at least helped us to see the major venous sinuses and be confident that the living twin had independent venous drainage.
Surgical Intervention
The first successful separation of craniopagus twins was performed by Oscar Sugar in 1952-1953 with staged surgery. Since then, many surgical interventions have been undertaken. As every craniopagus case is unique, different results from no surgical intervention (i.e., conservative management) to successful separation with good followup or intraoperative/postoperative death of one or both twins during one-stage or staged separation have been reported. [1] [2] [3] [4] [5] [6] [7] [8] [9] 11, 13, 14, 17, 18 A comprehensive anatomical evaluation of the children, a well-equipped multidisciplinary management team (surgical, anesthetic, and medical) that addresses all ethical and philosophical issues of this rare and complex surgery, and parental participation are necessary for surgical management of conjoined twins. 8, 15 This complex surgery includes separation and reconstruction at different anatomical levels of the scalp, skull, dura mater, vascular system, and brain parenchyma. Staged separation has been suggested in most cases to decrease the risk of morbidity and mortality. In spite of all preparations suggested for this surgery, the mortality rate has been reported to be around 50%. Review of the literature shows that this surgery is associated with different concerns that affect the result of surgery. These variables include severe intraoperative hemorrhage, intraoperative or postoperative cerebral edema, venous infarct, CSF leakage, meningitis, and brain exposure. 10, 14, 15 Most reported craniopagus twins were operated on in an elective setting. In the case of death of one twin, however, the procedure must be performed on an emergency basis because the life of the surviving twin will be seriously threatened. Vascular conjunction at the shared area facilitates the transfer of toxic materials to the circulatory system of the living twin; metabolic disturbances or coagulopathy, especially disseminated intravascular coagulation, may subsequently develop in the surviving twin. Emergency separation, in spite of all reported disadvantages, is essential in this situation to prevent coagulopathy and related lethal complications. 11 Emergency separation brings worse surgical results than elective surgery due to the poor general condition of the patients, lack of sufficient preparation for this complex procedure, and lack of access to all required members of a multidisciplinary team. 10, 11 In the case presented in this paper, emergency surgery was performed due to the uncomplicated condition of the living twin in an effort to prevent the probable complications of his being attached to the dead one, with mutual vascular circulation at conjoined parts confirmed by CT angiography and MRI. The disadvantages of surgery in this case were the emergency status, the neonate's low weight of only 1250 g, the very young age (gestational age of 32 weeks), and attachment to a dead body with the associated disturbing odor. The most important factors that helped us in successful separation included preoperative blood transfusion during transport to correct the patient's hemoglobin level; fast but delicate surgery with 3 neurosurgeons to decrease intraoperative blood loss; presence of an expert pediatric anesthesiologist; the fact that the craniopagus was partial; absence of major sinus involvement; performance of the separation and reconstruction step by step; use of the dura mater and skin of the shared area for reconstruction (which decreased the time needed for reconstruction); and the stable medical condition of the surviving twin, despite the passage of several hours since the other twin's death.
Outcome
Partial craniopagus is associated with a better outcome after separation than total craniopagus (with mortality rates of 14% and 48%, respectively). 15 Staged surgery, performing an elective procedure when the twins have attained an acceptable age and weight, and less venous structure involvement are the other positive prognostic factors. 1, 2, 14, 18 Good support from a multidisciplinary team is crucial during the postoperative period to improve the patients' chance of survival, and close follow-up is necessary to detect problems like hydrocephalus and cranial deformity, which are both likely. Due to an abnormal brain or surgical complications, one of the twins will usually have some cognitive or neurological disabilities requiring rehabilitation. 1, 15, 16 In our case, during the first few months of follow-up, we were confronted with a bulging mass (pseudomeningocele) that was intractable to conservative treatment and required shunt placement. The infant has some cranial deformity due to this pseudomeningocele in spite of a well-functioning shunt, and we expect to address this deformity with reconstructive surgery when he is older.
Conclusions
Comprehensive evaluation of craniopagus twins and the cooperation of a multidisciplinary team are necessary before surgical separation. The operation is performed as an elective surgery except for special circumstances, such as when one of the twins has died, in which case surgical intervention should be done as soon as possible to prevent coagulopathy and related lethal medical complications. Nevertheless, successful separation will still require some knowledge about common vasculature and neural tissue.
Administering perioperative blood transfusion, performing delicate surgery quickly to decrease intraoperative blood loss, and performing the separation and reconstruction step by step are essential measures for better surgical results.
Apart from all disadvantages of emergency separation in the setting of one twin's death, we benefited from some advantages in this case, with the most prominent one being access to enough skin and dura mater from the dead twin to facilitate reconstruction, which is always a challenging issue in such operations. Separation at a younger age gave the parents the opportunity to cope with the situation and to enjoy having an infant with a generally normal shape. The somewhat philosophical view is that the surviving twin was the healthier one, with neither cleft lip nor heart disease. It is a matter of conjecture whether natural selection was at work or whether the afflicted brother sacrificed himself for the healthy one in order to pave the way of life for him by removing a "massive load" from his "head." Whatever view one takes of this situation, it is clear that the mysterious story of craniopagus remains unfinished.
